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Innate recognition of viruses is mediated by pattern recognition receptors (PRRs) triggering expression of
antiviral interferons (IFNs) and proinflammatory cytokines. In mice, Toll-like receptor 2 (TLR2) and TLR9 as
well as intracellular nucleotide-sensing pathways have been shown to recognize herpes simplex virus (HSV).
Here, we describe how human primary macrophages recognize early HSV infection via intracellular pathways.
A number of inflammatory cytokines, IFNs, and IFN-stimulated genes were upregulated after HSV infection.
We show that early recognition of HSV and induction of IFNs and inflammatory cytokines are independent of
TLR2 and TLR9, since inhibition of TLR2 using TLR2 neutralizing antibodies did not affect virus-induced
responses and the macrophages were unresponsive to TLR9 stimulation. Instead, HSV recognition involves
intracellular recognition systems, since induction of tumor necrosis factor alpha (TNF-�) and IFNs was
dependent on virus entry and replication. Importantly, expression of IFNs was strongly inhibited by small
interfering RNA (siRNA) knockdown of MAVS, but this MAVS-dependent IFN induction occurred indepen-
dently of the recently discovered polymerase III (Pol III)/RIG-I DNA sensing system. In contrast, induction of
TNF-� was largely independent of MAVS, suggesting that induction of inflammatory cytokines during HSV
infection proceeds via a novel pathway. Transfection with ODN2006, a broad inhibitor of intracellular nucle-
otide recognition, revealed that nucleotide-sensing systems are employed to induce both IFNs and TNF-�.
Finally, using siRNA knockdown, we found that MDA5, but not RIG-I, was the primary mediator of HSV
recognition. Thus, innate recognition of HSV by human primary macrophages occurs via two distinct intra-
cellular nucleotide-sensing pathways responsible for induction of IFNs and inflammatory cytokine expression,
respectively.

Virus recognition is essential for activation of innate antivi-
ral immune defense and the subsequent induction of acquired
immunity. Conserved pathogen motifs, termed pathogen-asso-
ciated molecular patterns (PAMPs), are recognized by pattern
recognition receptors (PRRs). Virus-recognizing PRRs in-
clude Toll-like receptors (TLRs), RIG-I-like receptors
(RLRs), and a number of intracellular DNA receptors. Several
TLRs have been attributed roles in the recognition of virus.
TLR2 and TLR4 recognize viral surface structures (3, 6, 18,
31), TLR3 recognizes double-stranded RNA (dsRNA) (2), and
TLR7/8 and TLR9 function as signaling receptors for viral
single-stranded RNA (ssRNA) (8, 11, 21) and CpG DNA (12,
20), respectively.

Within the cell, cytoplasmic RLRs RIG-I and MDA5 both
recognize accumulation of virus-derived dsRNA; in addition,
RIG-I recognizes 5�-triphosphated RNA (14, 27, 39, 40). In
addition to the RLRs, a number of receptors recognize foreign
DNA. Presently, three DNA receptors have been identified:
Z-DNA binding protein 1 (ZBP-1, or DAI) (36) and RNA
polymerase III (Pol III) (1, 4) both mediate interferon (IFN)

and cytokine production, whereas the AIM2 inflammasome is
involved in caspase 1 activation in response to cytoplasmic
dsDNA (13).

Herpes simplex virus type 1 (HSV-1) and HSV-2 are two
closely related human DNA viruses associated with a number
of serious diseases, including orofacial infections, encephalitis,
and genital infections (34). Macrophages play an important
role in the first line of defense against viral infection via pro-
duction of IFNs, cytokines, and chemokines that regulate the
progress of the virus infection and activate and support appro-
priate defense mechanisms (9, 10, 24).

TLR2, TLR3, and TLR9 have been identified as mediators
of proinflammatory cytokine production during HSV infec-
tions. TLR2 mediates an overzealous inflammatory cytokine
response following HSV-1 infection in mice, promoting mono-
nuclear cell infiltration of the brain and development of en-
cephalitis (18). TLR3 mediates type I and III IFN production
in human fibroblasts (41). TLR9 recognizes genomic DNA
from HSV-1 and HSV-2 in murine plasmacytoid dendritic cells
(DCs) (17, 20) and mediates tumor necrosis factor alpha
(TNF-�) and CCL5 production in murine macrophages (22).
Both TLR2 and TLR9 mediate recognition of HSV and cyto-
kine production in murine conventional DCs (35). HSV is
recognized by an RLR/MAVS-dependent mechanism in mu-
rine macrophages and mouse embryonic fibroblasts (MEFs)
(5, 29, 30). Recent data suggest that RNA Pol III mediates IFN
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production following HSV-1 infection and transfection with
HSV-1 DNA in macrophage-like RAW 264.7 cells (4). Finally,
murine L929 fibroblast-like cells are moderately inhibited in
their ability to produce IFN after HSV-1 infection when ZBP-1
is knocked down (19, 36). Thus, several PRRs have been re-
ported to recognize HSV-1 in murine cells and different cell
lines, but the pathways responsible for sensing this virus in
human primary macrophages and their impact on cytokine
expression have not previously been described.

In this work, we investigate the recognition pathways under-
lying HSV-induced cytokine and chemokine expression in hu-
man primary macrophages. We demonstrate that HSV-1-in-
duced IFN and cytokine expression is independent of TLR2
and TLR9 but highly dependent on virus replication and in-
tracellular nucleotide recognition systems. Specifically, induc-
tion of IFNs is dependent on MAVS and MDA5, whereas
TNF-� is induced by a novel intracellular nucleotide-sensing
system.

MATERIALS AND METHODS

Monocyte-derived macrophages. Leukocyte-rich buffy coats obtained from
healthy blood donors were supplied by the Finnish Red Cross blood transfusion
service (Helsinki, Finland) or from the Skejby Hospital blood bank. Peripheral
blood mononuclear cells (PBMCs) were isolated by centrifugation on a Ficoll-
Hypaque gradient (Pharmacia Biotech), and mononuclear cells were collected.
For generation of macrophages, mononuclear cells were allowed to adhere onto
plastic 6-well plates, 12-well plates, or 24-well plates (Falcon Multiwell, BD
Biosciences, or Nunc) for 1 h at 37°C in RPMI 1640 medium supplemented with
penicillin (0.6 �g/ml) and streptomycin (60 �g/ml) (Invitrogen). For confocal
microscopy, cells were allowed to adhere to glass coverslips in 24-well plates.
After monocyte adherence, nonadherent cells were removed, and the wells were
washed three times with phosphate-buffered saline (PBS), pH 7.4. Adherent cells
were then grown for 7 to 8 days in macrophage serum-free medium (SFM)
(Invitrogen) supplemented with antibiotics and 10 ng/ml granulocyte-macroph-
age colony-stimulating factor (GM-CSF) (Nordic Biosite or Invitrogen). Me-
dium was changed every 2 days.

Virus preparations. The viruses used in this study were the 17� and KOS
strains of HSV-1, an HSV-1 virus deficient in glycoprotein L (gL86), and the MS
strain of HSV-2. The viruses were produced essentially as previously described
(30). Prior to use, the virus was thawed and used as infectious virus or inactivated
by exposure to UV light for 5 min (30).

Stimulation experiments. The cells were treated with virus at a titer of 5 � 105

PFU/ml (multiplicity of infection [MOI] of 1) or 2.5 � 105 PFU/ml (MOI of 0.5).
The TLR2 ligand Pam3CysSerLysLysLysLys (Pam3CSK4; EMC Microcollec-
tions) was used at a concentration of 100 ng/ml. Extracellular poly(I:C) (Sigma-
Aldrich) was used at a concentration of 30 �g/ml. The TLR7/8 ligand R848
(InVivoGen, San Diego, CA) was used at a final concentration of 1 �g/ml, and
the CpG TLR9 ligand ODN2216 (InVivoGen) was used at 2 �g/ml. For trans-
fections, the dsDNA analog poly(dA:dT) (Sigma-Aldrich) was used at 2 �g/ml.
Anti-human TLR2 neutralizing antibodies (ImmunoKontact and Imgenex) were
added at a final concentration of 8.5 �g/ml 30 min prior to virus stimulation. The
RNA polymerase III inhibitor ML60218 (Calbiochem) was added at a concen-
tration of 10 �M 16 h before infection or transfection. Forty-five minutes before
further treatments, ODN2006 (InVivoGen) transfections were achieved using
Lipofectamine 2000 (Invitrogen) as described by the manufacturer, with 3 �g
ODN2006 per ml. Poly(I:C) and poly(dA:dT) transfections (2 �g/ml) were
achieved using Lipofectamine 2000 at 2 �g/ml, as recommended by the manu-
facturer. Harvested supernatants and RNA were stored at �80°C before analysis
by enzyme-linked immunosorbent assay (ELISA) or reverse transcription-PCR
(RT-PCR).

siRNA assays. After 5 days of cell culture in 12-well plates, macrophages were
transfected with 50 nM nontargeting control small interfering RNA (siRNA)
(AllStars negative-control siRNA; Qiagen) and with 25 nM MAVS siRNA (Hs_
VISA_1 and Hs_VISA2; Qiagen), RIG-I siRNA (Hs_DDX58_6 and Hs_
DDX58_10; Qiagen), or MDA5 siRNA (Hs-IFIH1_7 and HsIFIH1_8; Qiagen)
by using HiPerFect transfection reagent (Qiagen) according to the manufactur-
er’s instruction. The transfection was repeated the following day, and after 24 h,

macrophages were left unstimulated or infected with HSV-1 for 6 h before total
cellular RNA was harvested.

RNA isolation and RT. Cells were washed once with PBS and lysed, and total
cellular RNA was recovered using an RNA purification kit (Macherey-Nagel
NucleoSpin RNA II or Qiagen Midi kit) as described by the manufacturer.
Purified RNA was stored at �80°C until analysis. cDNA synthesis was performed
with 1 to 2 �g RNA by using a Moloney murine leukemia virus (MMLV) reverse
transcriptase kit (Invitrogen) according to the manufacturer’s instructions with
an oligo(dT)18 primer (DNA Technology, Aarhus, Denmark) or as described
previously (33).

Quantitative real-time PCR. The cDNA obtained from cells was quantified by
real-time PCR as previously described (23), using the following primers (DNA
Technology): for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), CGA
CCACTTTGTCAAGCTCA (forward) and GGTGGTCCAGGGGTCTTACT
(reverse); for IFN-�, TGGGAGGATTCTGCATTACC (forward) and AAGCA
ATTGTCCAGTCCCAG (reverse); and for TNF-�, TGCTTGTTCCTCAGCC
TCTT (forward) and AGATGATCTGACTGCCTGGG (reverse). TaqMan
PCR analysis was done using primers and probes from Applied Biosystems for
IFN-�, IFN-�1, CXCL10, TNF-�, MAVS, ICP27, RIG-I, and MDA5, as previ-
ously described (33).

Cytokine- and chemokine-specific ELISAs. Cytokine and chemokine levels
from cell culture supernatants were analyzed by sandwich ELISA methods es-
sentially as described by the manufacturer. CCL2 (MCP-1) was determined using
antibody pairs and standards obtained from BD Pharmingen. CCL3 (MIP-1�)
was determined using Duoset antibody pairs and standards from R&D Systems.
TNF-� and CXCL10 were determined using antibody pairs and standards ob-
tained from BD Pharmingen or Cytoset ELISAs from Invitrogen.

Luminex assay. Total cell extracts were measured by a Luminex assay for
detection of intracellular phosphorylated proteins from the p38 mitogen-acti-
vated protein kinase (MAPK) and Jun N-terminal protein kinase (JNK) signal-
ing pathways. Experiments were performed as specified by the manufacturer
(Biosource).

Confocal microscopy. Cells were stained with rabbit polyclonal anti-human
interferon regulatory factor 3 (IRF-3) antibodies (Santa Cruz) according to the
manufacturer’s instructions. Briefly, cells were fixed with methanol at �20°C for
5 min and stained with primary antibodies at a 1:50 dilution. DAPI (4�,6-
diamidino-2-phenylindole) was used to stain the nucleus. Cells were imaged on
a Zeiss LSM710 laser scanning microscope. The percentage of cells demonstrat-
ing nuclear localization of IRF-3 was quantified for 3 independent donors, and
at least 100 cells were scored per condition.

Statistical analyses. Statistical analyses were performed using a paired Stu-
dent t test.

RESULTS

Induction of IFNs, IFN-stimulated genes (ISGs), and proin-
flammatory cytokines following HSV infection and stimulation
via virus-associated PRRs. In order to evaluate how human
primary macrophages respond to viral PAMPs and to identify
PRRs recognizing viruses, we stimulated cells with agonists for
TLRs, RLRs, and intracellular DNA receptors. Human mac-
rophages were infected with HSV-1 or -2 or transfected with
the synthetic dsRNA analogue poly(I:C) or the dsDNA ana-
logue poly(dA:dT). RNA and culture supernatants were har-
vested and assayed using real-time RT-PCR and ELISA, re-
spectively.

At early time points, HSV and intracellular RNA and DNA
induced type I and type III IFNs, TNF-�, and CXCL10 (Fig.
1A to D, G, and H). In addition, proinflammatory cytokines
CCL2 and CCL3 were induced by HSV-1 (Fig. 1L and not
shown). We found that the induced cytokine response was not
strain or type specific, since both HSV-1 strains 17� and KOS
and HSV-2 strain MS were capable of inducing cytokines (Fig.
1J and L).

To evaluate the potential role of TLR pathways in virus
recognition, we stimulated cells with Pam3CSK4 (TLR2),
poly(I:C) (TLR3), R848 (TLR7/8), and ODN2216 (TLR9).
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FIG. 1. HSV and PAMPs induce IFN, ISGs, and proinflammatory cytokines in human primary macrophages. (A to C and G) Macrophages
were infected with HSV-1 (17�, 5 � 105 PFU/ml, MOI of 1) or transfected with poly(I:C) [t-poly(I:C); 2 �g/ml] or poly(dA:dT)
[t-poly(dA:dT); 2 �g/ml]. (A to C and G) After 6 h, after which RNA was harvested and mRNA accumulation of IFN-�, IFN-�1, CXCL10,
and TNF-� was assayed by real-time PCR. (D, E, and H) In similar experiments, cell supernatants were harvested after 20 h and assayed
for the presence of TNF-�, CXCL10, and CCL3 by ELISA. (E, F, I, and K) Macrophages were infected with HSV or stimulated with IFN-�
(100 IU/ml) or the agonist for TLR2 (Pam3CSK4, 100 ng/ml), TLR3 [poly(I:C), 30 �g/ml], TLR7/8 (R848, 1 �g/ml), or TLR9 (ODN2216,
2 �g/ml). After 20 h of stimulation, supernatants were collected and protein levels assayed by ELISA. (J and L) Cells were infected with
HSV-1 (17� or KOS, 5 � 105 PFU/ml, MOI of 1) or HSV-2 (MOI of 1). Supernatants were harvested at 18 h and assayed by ELISA for
CXCL10 and CCL3. The real-time PCR data are depicted as relative units (RU), which is a fold change in gene expression normalized to
that of the endogenous reference gene 18S rRNA and is relative to the no template control (NTC) calibrator. The results depicted are
means 	 standard deviations (SD) within the shown experiment. Experiments were done five times (A and B) or two times (C to L), with
similar findings.
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Macrophages responded to TLR2, TLR3, and TLR7/8 agonists
(Fig. 1F and K), indicating functional TLR2, TLR3, and
TLR7/8 pathways. In contrast, TLR9 stimulation with synthetic
CpG DNA (ODN2216) did not induce cytokine production
(Fig. 1E and I). Northern blot analysis demonstrated no TLR9
expression in human primary macrophages following IFN-�
stimulation or HSV-1 infection (data not shown). This is con-
sistent with previous reports showing that TLR9 is not ex-
pressed in human monocyte-derived macrophages (25) but
rather only in human plasmacytoid DCs and B cells (15).

In conclusion, human macrophages generate IFN, ISGs, and
proinflammatory cytokines following HSV infection and stim-
ulation of known virus-recognizing PRRs TLR2, TLR3, and
TLR7/8. Furthermore, intracellular RLR and DNA recogni-
tion receptor systems are functional in human primary macro-
phages.

TLR2-independent cytokine expression in response to
HSV-1 infection. Since TLR2 is a functional signaling receptor
in human macrophages (Fig. 1F and K) and TLR2-mediated
recognition of HSV-1 has been reported in mice (18), TLR2
may play a role in HSV-1-induced cytokine expression. To
investigate this, cells were infected with HSV-1 or stimulated
with the TLR2 ligand Pam3CSK4, in the presence or absence
of anti-TLR2 neutralizing antibodies, for 6 h. TLR2 neutral-
ization markedly inhibited Pam3CSK4-induced accumulation
of TNF-� mRNA and protein (Fig. 2A and B) and CCL3
protein (Fig. 2E). However, TLR2 neutralization did not affect
HSV-1-induced accumulation of TNF-� mRNA or TNF-�
protein in cell culture supernatants (Fig. 2A and B), nor did
inhibition of TLR2 affect IFN, CXCL10, or CCL3 induction
after HSV infection (Fig. 2C to E). Collectively, these data
strongly suggest that TLR2 is dispensable for the HSV-1-elic-
ited cytokine response in human primary macrophages.

Virus requirements for activation of intracellular signaling
and induced IFN, ISG, and cytokine expression. To further
characterize virus-induced cytokine expression, we treated
macrophages with infectious HSV-1, UV-inactivated virus, or a
virus mutant lacking functional glycoprotein L (gL86), which is
essential for virus entry (26, 32). As seen in Fig. 3A to E, virus
entry and replication were required for the production of IFNs
and inflammatory cytokines. Similarly, activation of MAPK
pathways was dependent on replicating virus (Fig. 3F and G).
IRF-3, which acts upstream of IFN and ISG expression, trans-
located to the nucleus following HSV infection (Fig. 3H and I)
but with delayed kinetics compared to intracellular delivery of
synthetic dsRNA or dsDNA (Fig. 3J and K). In conclusion,
HSV-induced innate signaling is delayed compared to direct
PRR stimulation, and HSV-induced IFN and cytokine re-
sponses rely on cellular entry and virus replication, suggesting
that virus replication-derived products are recognized by
PRRs.

MAVS-dependent and -independent IFN and cytokine ex-
pression. Mouse studies show that HSV-induced IFN is highly
dependent on MAVS (30). To evaluate which recognition sys-
tem is responsible for the early IFN and TNF-� production in
human macrophages, we infected macrophages transfected
with MAVS siRNA or control siRNAs and harvested RNA for
real-time PCR analysis. We found that knockdown of MAVS
resulted in strongly reduced levels of IFN-� and IFN-�1 (Fig.
4B and C). Looking at TNF-� expression, we found a striking

difference from type I and III IFN expression, since MAVS
siRNA reduced TNF-� mRNA accumulation only slightly (Fig.
4D). Thus, MAVS is involved in type I and III IFN production
after HSV infection, whereas the main recognition system trig-
gering TNF-� production in human macrophages is indepen-
dent of MAVS.

RNA polymerase III-independent IFN and TNF-� produc-
tion after HSV infection. A recent paper suggests that RNA
Pol III recognizes HSV-1 infection and HSV-1 DNA in murine
macrophage-like RAW 264.7 cells (4). To investigate whether
RNA Pol III recognizes HSV-1 infection in human macro-
phages, we infected cells with HSV-1 or transfected cells with
poly(dA:dT) or poly(I:C) in the presence or absence of the
RNA Pol III inhibitor ML60218. Pretreatment with ML60218
had no effect on the response of macrophages to poly(I:C);
however, pretreatment with ML60218 reduced levels of IFN-�
and TNF-� induced following poly(dA:dT) stimulation (Fig.
5A and B). In contrast, HSV-induced TNF-� and IFN-�
mRNA levels were not affected by the inhibitor (Fig. 5C and
D). Consistent with these results, HSV-1-induced secretion of

FIG. 2. HSV-1 infection activates cytokine expression indepen-
dently of TLR2. Cells were infected with HSV-1 (17�, MOI of 1) or
stimulated with TLR2 ligand Pam3CSK4 (100 ng/ml) in the presence
or absence of TLR2 neutralizing antibodies (8.5 �g/ml). After 6 h,
RNA was harvested, and after 18 h, supernatants were collected.
Accumulation of TNF-� and IFN-� mRNA was assessed by real-time
PCR (B and C), and the amounts of secreted TNF-�, CXCL10, and
CCL3 were measured by ELISA (A, D, and E). RU, relative units. The
results depicted are means 	 SD from one of two experiments showing
similar results.
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CXCL10 and CCL3 was also not affected by the inhibitor (data
not shown). In summary, the data suggest that the RNA Pol III
pathway is capable of recognizing intracellular dsDNA in the
form of poly(dA:dT). However, the RNA Pol III pathway does
not seem to mediate early innate recognition of HSV-1.

The TLR9 agonist phosphorothioate oligonucleotide
ODN2006 (type B ODN) has been shown to antagonize RIG-I
signaling (28) and was recently demonstrated to broadly an-
tagonize intracellular nucleotide signaling, at least partly by
binding HMGB protein, which is essential for the nucleic acid-
mediated innate immune response (38). Interestingly, trans-
fection of macrophages with ODN2006 strongly reduced levels
of TNF-� after poly(dA:dT) and poly(I:C) transfection (Fig.
5E) and reduced TNF-� production after HSV infection (Fig.
5F). Overall, these data suggest that early TNF-� production
following HSV infection proceeds via intracellular recognition
of nucleotides.

MDA5-mediated recognition of HSV infection. To address
whether RIG-I or MDA5 is responsible for the MAVS-depen-

dent IFN and TNF-� production in human macrophages, we
infected macrophages transfected with RIG-I or MDA5
siRNA or control siRNAs (Fig. 6A and B). We found that
knockdown of MDA5 led to a clear reduction in the levels of
virus-induced IFN-� and IFN-�1 (Fig. 6C and D) but had little
effect on TNF-� mRNA accumulation (Fig. 6E). In contrast,
knockdown of RIG-I did not affect early HSV-induced IFN or
TNF-� (Fig. 6C to E). In conclusion, MAVS-mediated HSV

FIG. 3. Virus-induced signaling and virus requirements for IFN and cytokine production. Cells were infected with live HSV-1 (KOS, MOI of
1) or an equivalent amount of UV-inactivated HSV-1 or glycoprotein L-deficient virus (gL86). RNA was harvested after 6 h, and IFN-�, IFN-�1,
and TNF-� mRNA accumulation was measured using real-time PCR (A to C). Supernatants were harvested after 20 h, and TNF-� and CCL2
levels were measured using ELISA (D and E). Whole-cell extracts were harvested at 9 h after infection, and levels of phosphorylated p38 MAPK
(p-p38 MAPK) and JNK were measured by a Luminex assay (F and G). Cells seeded on coverslips were transfected with poly(I:C) (2 �g/ml) or
poly(dA:dT) (2 �g/ml) or infected with HSV-1 (KOS, MOI of 1). After 4 and 8 h, slides were fixed and stained for intracellular IRF-3 or nuclear
stained with DAPI and visualized using confocal microscopy (H and I). Percentage of cells demonstrating nuclear localization of IRF3 after HSV-1
infection (J) and intracellular poly(I:C) or poly(dA:dT) (K). For panels A to G, similar results were obtained in two independent experiments, and
results are depicted as means 	 SD. For panels H and I, confocal images represent one of three donors from one of two experiments showing
similar results. For panels J and K, results are shown as means 	 SD from the three donors from one experiment.

FIG. 4. MAVS-dependent and MAVS-independent IFN and
TNF-� responses. Macrophages transfected either with nontargeting
control siRNA (50 nM) or with 25 nM each of two different siRNAs
targeting MAVS were infected with HSV-1 (KOS, MOI of 1). RNA
was harvested after 6 h and assayed for MAVS, IFN-�, IFN-�1, and
TNF-� mRNA accumulation by real-time PCR. RU, relative units.
The results represent means 	 SD from one of two experiments with
similar results.

FIG. 5. RNA Pol III-independent IFN and cytokine production
after HSV infection. (A to D) Macrophages were treated with the
RNA Pol III inhibitor ML60218 (10 �M) for 16 h before transfection
with poly(I:C) (2 �g/ml) or poly(dA:dT) (2 �g/ml) or infection with
HSV-1 (KOS, MOI of 0.5, or 17�, MOI of 1). (E and F) Macrophages
were transfected with ODN2006 (3 �g/ml) or treated with Lipo-
fectamine 2000 as a control. After 45 min, the cells were transfected
with poly(dA:dT) or poly(I:C) (1.5 �g/ml) or infected with HSV-1
(KOS or 17�, MOI of 1). After 6 h, RNA was harvested and analyzed
using real-time PCR. RU, relative units. The results represent
means 	 SD from two experiments (A to D) or three experiments (E
and F) showing similar results.
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recognition proceeds via MDA5 in human primary macro-
phages.

Virus gene expression coincides with early cytokine produc-
tion. To evaluate virus replication in conjunction with cytokine
production, we infected macrophages at different time points
and evaluated virus gene expression and cytokine production.
We found that immediate early ICP27 was detectable 3 h after
infection and peaked at 6 h after infection (Fig. 7A). Virus
ICP27 immediate early gene expression coincided with expres-
sion of IFN, TNF-�, and CXCL10 (Fig. 7B to E). All cytokines
peaked at 6 h after infection. The data suggest that early virus
gene expression coincides with the early innate response in
human macrophages.

DISCUSSION

In the present work, we have investigated the recognition
mechanisms underlying HSV-induced cytokine and chemokine
expression in human primary macrophages. Two TLRs have
been identified as the main mediators of proinflammatory cy-
tokine production following HSV infection. TLR2 stimulates
production of proinflammatory cytokines following infection
with HSV-1 in mice (18), and TLR9 recognizes genomic DNA

from HSV-1 and HSV-2 in murine plasmacytoid DCs (17, 20)
and mediates cytokine production in murine macrophages and
conventional DCs (22, 35). We found no induction of the
investigated cytokines following TLR9 stimulation of human
primary macrophages, and no TLR9 expression was seen after
IFN-� or HSV treatment (data not shown). Our results are
consistent with previous studies demonstrating that only hu-
man plasmacytoid DCs and B cells are TLR9 responders (15)
and that there is no significant TLR9 expression in human
primary macrophages (25). Because TLR9 was excluded as a
mediator of HSV-1-induced cytokine expression, we examined
the cytokine response generated from other extracellular and
intracellular PRRs known to recognize virus. We found that
macrophages responded via TLR2, TLR3, and TLR7/8 in ad-
dition to intracellular dsRNA and dsDNA pathways (Fig. 1).
Since TLR2 stimulates cytokine production in mice following
HSV-1 infection (18), we next examined whether TLR2 medi-
ates IFN and cytokine expression in human primary macro-
phages during HSV infection. No reduction in HSV-induced
cytokines was seen when TLR2 was neutralized, suggesting a
TLR2-independent production of IFNs, ISGs, and proinflam-
matory cytokines during early HSV infection (Fig. 2). It should
be noted that we used low MOIs throughout the experiments.
Furthermore, some variation in TLR2 stimulatory potential
has been reported for HSV strains (35). Therefore, we cannot
exclude that some TLR2 dependency would be seen at a very
high virus dose, with other virus strains, or at later stages of
infection. Nevertheless, our results suggest that HSV-induced
IFN and cytokine expression does not proceed through TLR2
or TLR9 in human macrophages.

To determine the PRR responsible for the early response to
HSV, we further characterized the virus requirements for vi-
rus-induced signaling and IFN and cytokine production. We
found that early induction of IFN and TNF-� is highly depen-
dent on entry and replication of the virus (Fig. 3A to E).
Furthermore, virus-induced signaling was dependent on live
virus, again suggesting the need for replication-derived com-
ponents for innate recognition (Fig. 3F and G). One candidate
PAMP is virus-derived dsRNA, known to accumulate in cells
infected with HSV (37). RLR-mediated recognition of HSV-
derived dsRNA is dependent on the MAVS pathway in murine
fibroblasts (5, 30). We found that the early IFN response was
highly MAVS dependent, since knockdown of MAVS in the
macrophages resulted in a strong reduction in the levels of IFN
types I and III (Fig. 4B and C). In contrast, TNF-� production
was affected only marginally by MAVS knockdown, despite the
expression of TNF-� being highly dependent on virus entry
and replication (Fig. 4D). Thus, the data suggest that TNF-�
induction proceeds via a novel intracellular pathway that is
independent of MAVS but dependent on accumulating RNA
or DNA via virus replication.

Independently, two groups have demonstrated that RNA
Pol III mediates recognition of dsDNA via RNA intermediates
that are subsequently recognized by RIG-I, which signals via
the MAVS pathway (1, 4). Having shown that TLR2 or TLR9
does not trigger the early response to HSV-1 and that the
production of IFNs is MAVS dependent, we assessed the func-
tionality of the RNA Pol III pathway in macrophages. The
RNA Pol III pathway is likely to mediate some of the observed
IFN-� and TNF-� expression following poly(dA:dT) stimula-

FIG. 6. MDA5-dependent and RIG-I-independent HSV recogni-
tion. Macrophages transfected either with nontargeting control siRNA
(50 nM) or with 25 nM each of two different siRNAs targeting RIG-I
or MDA5 were infected with HSV-1 (KOS, MOI of 1). RNA was
harvested after 6 h and assayed for MAVS, IFN-�, IFN-�1, and TNF-�
mRNA accumulation by real-time PCR. RU, relative units. The results
represent means 	 SD from one of two experiments with similar
results.
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tion, since the RNA Pol III inhibitor reduced levels of
poly(dA:dT)-stimulated IFN and TNF-� (Fig. 5A and B).
However, RNA Pol III appears not to mediate early IFN and
cytokine production following HSV infection (Fig. 5C and D).

To evaluate the role of MDA5 and RIG-I in recognizing
HSV, we used individual siRNA knockdown of both receptors.
We found that MDA5, but not RIG-I, was the primary medi-
ator of HSV recognition. The specific use of MDA5 seems
rather surprising, since mouse studies using knockout MEFs
and dominant negative RIG-I have suggested a dual role for
RIG-I and MDA5 in recognition of HSV (5, 29). Our results
point at differences between cell types and species and empha-
size the great importance of considering the relevance of ex-
perimental models and the importance of doing studies in
human primary cells.

The MAVS-independent recognition of HSV requires addi-
tional characterization. One candidate is TLR3, recognizing
dsRNA in endosomes. However, based on two facts, we do not
think that TLR3 is the primary candidate for recognition of
early HSV infection. First, despite playing a role in production
of type I and III IFN in human fibroblasts following HSV
infections, human PBMCs deficient in TLR3 are fully capable
of producing IFN during HSV infection (41). Second, TLR3 is
localized in endosomes, and thus TLR3-mediated signaling
likely requires uptake of dsRNA from the extracellular lumen
after release by the cells. Another potential candidate is
ZBP-1. In the murine fibroblast-like cell line L929, HSV-in-
duced IFN mRNA accumulation was partially dependent on
ZBP-1 (36). In addition, human cytomegalovirus-induced IFN
proceeds via ZBP-1, independently of MAVS, in human fibro-
blasts (7). It is possible that the slight UV-inactivated HSV-

induced type I and III IFN expression we observed (Fig. 3A
and B) is mediated partly via ZBP-1. However, we suggest that
the majority of early HSV-induced IFN and cytokine produc-
tion is ZBP-1 independent, since siRNA knockdown of ZBP-1
significantly reduces poly(dA:dT)-induced IFN in L929 fibro-
blast-like cells only at later time points (9 h) and not at early
time points (6 h) (19). Furthermore, Ishii and colleagues sug-
gest that early innate responses to poly(dA:dT) are indepen-
dent of ZBP-1 in MEFs (16). In addition, human cells such as
lung epithelial A549 and HEK293 cells recognize dsDNA in-
dependently of ZBP-1 (19). Whether ZBP-1 plays a role dur-
ing innate recognition in cells other than fibroblasts, including
human primary macrophages, remains to be defined.

Collectively, we demonstrate that innate recognition of HSV
by human primary macrophages occurs via two distinct intra-
cellular nucleotide-sensing pathways: the RLR/MAVS path-
way, mediating IFN production, and a yet-to-be-identified in-
tracellular receptor responsible for inflammatory cytokine
expression. Moreover, we present evidence that MDA5 is the
principal mediator of the MAVS-dependent IFN production
seen in human primary macrophages.
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FIG. 7. Virus gene expression precedes and coincides with the early innate cytokine response. Macrophages were infected with HSV-1 (KOS,
MOI of 1), and RNA was harvested at the indicated time points. Accumulation of viral ICP27 mRNA and cellular IFN-�, IFN-�1, and TNF-�
mRNA was investigated using real-time PCR. RU, relative units. The results represent means 	 SD from two experiments showing similar results.
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